Aims/hypothesis Retinal vascular calibre changes may reflect early subclinical microvascular disease in diabetes. Because of the considerable homology between retinal and cerebral microcirculation, we examined whether retinal vascular calibre, as a proxy of cerebral microvascular disease, was associated with cognitive function in older people with type 2 diabetes. Methods A cross-sectional analysis of 954 people aged 60-75 years with type 2 diabetes from the population-based Edinburgh Type 2 Diabetes Study was performed. Participants underwent standard seven-field binocular digital retinal photography and a battery of seven cognitive function tests. The Mill Hill Vocabulary Scale was used to estimate pre-morbid cognitive ability. Retinal vascular calibre was measured from an image field with the optic disc in the centre using a validated computer-based program.
Introduction
Type 2 diabetes is an established risk factor for cognitive impairment and dementia [1, 2] . As yet, it is unclear which factors mediate the accelerated cognitive ageing in people with type 2 diabetes, although cerebral microvascular disease may be important [3] [4] [5] . The cerebral microvascular circulation is, however, difficult to evaluate in detail in humans using current neuroimaging methods.
The retinal vessels provide a unique window on cerebral vascular status, given the shared embryological, anatomical and physiological characteristics between retinal and cerebral microvasculature [6, 7] . The retinal vascular bed can be directly visualised non-invasively with retinal photography. Some previous studies [8] , including the cohort studied here [9] , have shown a significant association between diabetic retinopathy signs (e.g. microaneurysms, retinal haemorrhages) and reduced cognitive performance in people with diabetes and in the general population. Computer-assisted quantitative measurement of retinal vascular calibre has recently been introduced and has proved to be accurate and reliable [10] . There is increasing experimental and epidemiological evidence that changes in retinal vascular calibre may be a biomarker of early microvascular dysfunction (i.e. before the classical signs of diabetic retinopathy are evident) associated with diabetes and other cerebral vascular diseases, including stroke [11] [12] [13] [14] [15] [16] . Despite a potential link, few studies have investigated the association between retinal vascular calibre and cognitive function. In the general population, one study [17] reported that retinal venular dilatation, but not arteriolar calibre, was associated with cognitive impairment in people with hypertension, whereas others found no associations [18] [19] [20] [21] . To our knowledge, however, the association between retinal vascular calibre and cognition has not been explored in people with type 2 diabetes. Our hypothesis is that a better understanding of the association between cognitive abilities in people with type 2 diabetes and retinal vascular calibre, potentially reflecting lifetime cumulative effects of chronic hyperglycaemia on the microvasculature, may offer insights into the contribution of early microvascular disease in the brain to the development of accelerated cognitive impairment in diabetes. It is hoped that such insights, when added to an increasing body of research on other potential causes of cognitive decrements in type 2 diabetes, will lead to the development of novel preventive approaches aimed at reducing cognitive decline in this at-risk population.
The aim of this study was to examine the relationship between retinal vessel calibre and cognitive function using cross-sectional data from a large, well-characterised sample of older men and women with type 2 diabetes. Cognitive function was measured using a detailed battery of neuropsychological tests assessing major cognitive domains. Retinal vascular calibre was measured using validated computer-assisted techniques.
Methods

Study population
The Edinburgh Type 2 Diabetes Study (ET2DS) is an ongoing population-based cohort study investigating potentially modifiable risk factors for cognitive decrements in people with type 2 diabetes. The study began in 2006/2007 as a cross-sectional survey of 1,066 men and women aged 60-75 years with type 2 diabetes living in Lothian, Scotland, UK. Ethical approval for the ET2DS was granted by the Lothian Research Ethics Committee, and written informed consent was obtained from all participants. Details of the study recruitment and examination procedures have been published [22] .
Of the 1,066 participants who underwent cognitive and physiological testing, we excluded 30 with a Mini Mental State Examination (MMSE) score of <24, indicating possible pathological cognitive impairment. Of the remaining 1,036 participants, 21 had no retinal photographs and a further 61 did not have gradable photographs of sufficient quality in either eye for measuring vessel calibre, leaving 954 who provided data for this analysis.
Cognitive assessment Specially trained research assistants (trained and then observed for validation by one expert in psychological testing: IJD) administered a detailed battery of cognitive tests in a standard order during a single session in a quiet and well-lit room, following tests for adequate visual acuity and capillary blood glucose levels (>4.0 mmol/l).
Major domains of cognitive ability were assessed using tests of immediate and delayed non-verbal memory and verbal declarative memory ( [26] ). The FACES test comprises a series of pictures of faces that are shown to participants and then, in subsequent immediate and delayed tests, participants are asked to select these faces from a larger series of pictures. The test is scored as the number of correct responses. The LM test involves the immediate recall of a short story containing 25 memory items, which is read aloud to the participant. Participants are informed that they will be questioned about the story again later, and delayed recall is recorded in the same way after approximately 40 min. The test is scored as the number of memory items recalled correctly. Given the high correlation between the immediate and delayed sub-components of the FACES task (r=0.55), these were summed to form a single score. A similar approach was taken for the immediate and delayed recall sub-components of the LM test (r=0.87), giving an overall score for logical memory. The MR test involves inspecting a pattern arrayed in matrix form with a piece missing. The elements of the matrix are logically constructed. The task is to select the correct missing piece from the answer options. The LNS test involves listening to jumbled strings of numbers and letters and recounting these with the numbers first in numerical order, and then the letters in alphabetical order. The DST involves entering symbols as quickly as possible according to a given code, and is scored as the number of symbols matched correctly to their corresponding numbers in 120 seconds. The VFT involves vocally generating as many words as possible that begin with a given letter (C, F and L), within a one minute period for each letter. The score for this test is the total number of acceptable words stated. The TMTB involves drawing a line between numbers and letters in an alternating order and in as short a time as possible. The test is scored as the time (in seconds) it takes to complete Part B. All of these are fluid-type mental tests, which are sensitive to ageing effects. Vocabulary ('crystallised' intelligence) was measured using the combined version of the Junior and Senior Mill Hill Vocabulary Scale (MHVS) synonyms [27] . As results on vocabulary-based tests tend to decline little with ageing, they can be used to estimate peak prior cognitive ability [28, 29] . The MMSE is often used in screening for dementia, and was included as a general mental assessment for possible cognitive pathology [30] . Degree of depressed mood was assessed using the Hospital Anxiety and Depression Scale and only the depression items were scored [31] .
Retinal photography and grading After pupillary dilatation, standard seven-field non-stereoscopic colour photographs were taken of both eyes at 35°using a high resolution digital retinal camera. Retinal vessel calibre was measured on the image centred on the optic disc using a custom-written validated image analysis program (within MatLab: Mathworks, Natick, MA, USA). Each image was processed and converted to greyscale prior to analysis. A single trained grader (JD), blind to other clinical and cognitive features, performed the vessel measurements in one randomly selected eye (computer generated random number) or the eye with best image quality. Left and right eye vessel calibre measurements are highly correlated [32] . The six largest arterioles and venules coursing through a zone between 0.5 and 1 disc diameter away from the optic disc edge were measured using a microdensitometric technique [33] . Estimates were summarised as central retinal arteriole equivalent (CRAE) using a formula which accounts for asymmetry of branching arterioles [33] , and central retinal venule equivalent (CRVE) using a revised Knudtson-Parr-Hubbard formula [34] . The intragrader reliability was assessed (10 weeks apart) in a randomly selected sample of 20 images; the intraclass correlation coefficient was 0.74 for CRAE and 0.95 for CRVE. To aid comparison with other studies, the pixel measurements from the image were converted to μm based on an assumption of the average optic disc diameter (approximately 327 pixels in our cohort) being equal to 1,850 μm [10] .
Measurement of other variables Participants completed a detailed questionnaire on socio-demographic characteristics, lifestyle variables, medication use and medical history of diabetes and cardiovascular disease (including the WHO chest pain questionnaire [35] ), and underwent standardised clinical examinations, including measurements of plasma HbA 1c and fasting serum total cholesterol and HDLcholesterol, a resting 12-lead ECG and brachial blood pressures [9, 22] . The highest self-reported level of education was categorised as secondary/primary, other professional/technical qualification, or university. Smoking status was categorised as current, former or never. Duration of diabetes was estimated by subtracting the year of diagnosis from the date of attendance at the research clinic. Diabetes treatment was classified into three groups: (1) diet control only; (2) oral anti-diabetic agents without insulin; and (3) insulin injection with or without oral agents. WHR was calculated as the waist circumference divided by the hip circumference in cm. Hypertension was defined as systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥85 mmHg or use of medication prescribed by a doctor to lower blood pressure. Data were collected from the Information and Statistics Division of NHS Scotland on all medical and surgical discharges from Scottish hospitals since 1981 (SMR01 scheme). Any ICD10 (www.who.int/ classifications/icd/en/) or ICD9 (www.icd9data.com/2007/ Volume1/240-279/250-259/250/default.htm) codes for cardiovascular or cerebrovascular disease were extracted and used together with self-reported vascular disease details and findings from the chest pain questionnaire and ECG (in addition to a review of clinical notes where required) to define myocardial infarction (MI), angina, stroke and transient ischaemic attack (TIA), according to pre-defined criteria [9] . Intermittent claudication was based on a positive response to the Edinburgh Claudication Questionnaire [36] . Any macrovascular disease was defined as a history of MI, angina, stroke, TIA or peripheral arterial disease. Assessment of diabetic retinopathy from 7-field photographs was based on the scale described by the Early Treatment Diabetic Retinopathy Study (ETDRS) research group [37] . Diabetic retinopathy was defined as an ETDRS level of 20 and greater [9] .
Statistical analyses All continuous variables were normally distributed apart from the TMTB (for which a base e logarithmic transformation of scores was used), depression scores (normalised through an n + 1 logarithmic transformation) and duration of diabetes (square root transformation). Linear regression was used to model retinal vascular calibre against cognitive ability scores. The modelling approach used a four-tiered process. Initially, age and sex were controlled for. Further adjustment was made for peak prior cognitive ability as estimated by MHVS followed by additional inclusion of traditional systemic risk factors, which consisted of education level, cardiovascular risk factors (smoking status, systolic blood pressure, the presence of macrovascular disease) and depression symptoms. These variables were selected as possible confounders if they showed a significant association with retinal vascular calibre on univariate analysis or if, in previous literature, a variable was reported to be associated with both retinal vascular calibre and cognitive test performance. We did not include duration of diabetes and HbA 1c in the main multivariate model because it is likely that prolonged exposure to hyperglycaemia underlies the change in retinal vessel calibre and their inclusion in the model could result in overadjustment. Finally, the fellow vessel calibre (i.e. inclusion of venular calibre in models for arteriolar calibre and vice versa) was added to the multivariate model including the other as a covariable, to examine whether both contributed separately to variance in cognitive performance. This was done because CRAE and CRVE were highly correlated (r=0.61, p<0.01) and may share common genetic and other influences [38] . Variable collinearity was checked by using tolerance and variance inflation, and standardised residual plots were also inspected. Interactions between vessel calibre and other covariates were assessed with respect to effects on cognition. All tests were two-tailed and a p value ≤0.05 was taken to indicate statistical significance. However, given that many statistical tests were performed (e.g. there were two retinal calibre indices and each was studied with regard to associations with seven cognitive variables), the prudent approach here was to acknowledge that very low p values were more likely to indicate replicable associations [39] . We are aware of the multiple testing issue, but considered that statistical adjustment (e.g. Bonferroni corrections) would be over-stringent in this situation given that the cognitive test variables were not independent and that we were properly cautious in relation to the multiple tests. All analyses were performed using SPSS 14.0 for Windows [40] .
Results
Characteristics of the total ET2DS population and comparisons with nonparticipants from the target population have been reported previously [41] . A total of 954 participants had retinal photographs available for vessel calibre grading. These participants did not differ significantly from participants without vessel calibre measurement (n = 82) with respect to diabetes duration or treatment, mean HbA 1c , cardiovascular risk factor profile, or history of macrovascular disease and diabetic retinopathy (data not shown). However, they did perform significantly better on tests of non-verbal memory (mean ± SD FACES scores 66.3 ± 7.8 vs 61.9 ± 7.4; p<0.001), mental flexibility (geometric mean TMTB time 105.6± 1.5 s vs 124.0±1.6 s; p<0.001) and information processing speed (mean DST scores 50.1± 14.5 vs 45.5± 13.6; p=0.007). A summary of the study participants is presented in Table 1 . The mean values for CRAE were 167.5± 24.7 and 227.8± 35.7 μm for CRVE. There were no significant sex differences on retinal vessel calibre measures.
In the total study population, after adjusting for age and sex, both higher CRAE and CRVE were significantly associated with lower scores for logical memory, with standardised coefficients −0.119 (p<0.001) and −0.084 (p<0.01) ( Table 2 ). Higher CRAE, but not CRVE, was also associated with inferior performance on the DST and estimated peak prior cognitive ability (MHVS) with standardised coefficients −0.067 (p<0.05) and −0.091 (p<0.01), respectively. No significant associations were found between retinal vessel calibre and other tests of cognitive ability domains. Further adjustment for the MHVS scores reduced the magnitude of the associations while both CRAE and CRVE remained significantly associated with lower logical memory scores with standardised coefficients of −0.080 (p<0.01) and −0.058 (p<0.05). The associations were retained after additional adjustment for other covariates but became nonsignificant when the fellow vessel calibre was included. However, in the fully adjusted models for logical memory, there was a significant interaction between sex and both CRAE (p =0.027) and CRVE (p=0.042). Men with increased CRAE or CRVE (in the top tertile) appeared to have lower logical memory scores, an effect not seen in women (Fig. 1) . The vessel calibre tertiles are shown only for illustration of the interaction, and the whole continuum of the values was assessed in the analyses. The population was then stratified by sex, and the association between retinal vessel calibre and logical memory was examined separately for men and women (Table 3) . Following age adjustment, significant associations were found only in men for both CRAE and CRVE with standardised coefficients −0.179 (p < 0.001) and −0.125 (p<0.01). Age-adjusted linear regression analyses also showed both higher CRAE and CRVE to be associated with the MHVS in women but not in men, with standardised coefficients of −0.129 (p < 0.01) and −0.121 (p<0.05) (data not shown). When further adjusted for MHVS and a wide range of potentially confounding variables, including macrovascular disease, associations with logical memory in men remained statistically significant. Additional adjustment for the fellow vessel calibre weakened the magnitude and statistical significance of the associations although the association with CRAE was retained, with a standardised coefficient of −0.127 (p<0.05). No statistically significant associations were found for other tests for either sex (data not shown). There was no significant interaction of retinal vessel calibre and any of the variables other than sex.
When analyses were repeated to exclude individuals with advanced proliferative retinopathy (n=10) in whom vessel calibre can be narrowed due to laser treatment, the overall pattern of associations was similar. After exclusion of those with prevalent stroke or history of TIA (n=75), the association between CRAE and logical memory became less significant (p=0.070) in men. In analyses stratified by hypertension status, the association between CRAE and logical memory was stronger in men with hypertension (n=417), with a standardised coefficient of −0.136 (p<0.05), but the association was not present in men without hypertension (data not shown). Finally, inclusion of HbA 1c and duration of diabetes in the main models did not essentially change the results (data not shown).
Discussion
In this representative population of older people with type 2 diabetes, larger retinal arteriolar and venular calibres were both associated with poorer verbal declarative memory as measured using the Wechlser LM test. Significant associations were found only in men. On the other hand, vocabulary score-which is often used to estimate peak prior cognitive ability-was associated with both larger retinal arteriolar and venular calibre in women. The association between retinal arteriolar dilatation and verbal memory in men persisted after additional control for * p<0.05, **p<0.01, *** p<0.001 estimated peak prior cognitive ability, cardiovascular risk factors, macrovascular disease, mood and venular calibre, suggesting that the relationship was not simply due to confounding by other vascular mechanisms.
To our knowledge, the finding of an association between retinal arteriolar dilatation and poorer cognitive functioning on verbal memory has not been previously reported, although one larger population-based study found that retinal venular dilatation was associated with lower MMSE scores [17] . Findings in the ET2DS contrast with the majority of published evidence in the general population, which did not find a significant association between any retinal vessel calibre variables and cognitive test performance [18] [19] [20] [21] . A possible reason for the lack of association seen in the general population is that retinal arteriolar dilatation might be a specific indicator of diabetes-related microvascular dysfunction, but not a physiological marker in non-diabetic people.
Arteriolar dilatation is a sign of impaired arteriolar autoregulation in diabetes, which has been suggested to play an important role in the initiation and progression of diabetic retinopathy [13] . This impaired retinal arteriolar constriction could be due to hyperglycaemia and hypoxiamediated endothelin-1 resistance and calcium-influx channel inhibition in smooth muscle cells. Such retinal arteriolar dilatory response could further be exacerbated by a drop in retinal oxygen tension from capillary non-perfusion [13] . In contrast, retinal venular dilatation may represent a later sign of haemodynamic abnormalities, which possibly reflect a direct consequence of arteriolar dysfunction [13] .
Given the considerable homology between retinal and cerebral microvasculature, our study may lead to hypothesis about possible underlying mechanisms. Retinal arteriolar dilatation could be a general marker of retinal ischaemia and, by proxy, cerebral ischaemia. It is also possible that retinal arteriolar dilatation reflects concomitant cerebral arteriolar abnormalities in diabetes. As a result, cerebral microvascular disease associated with diabetes may play a role in the episodic memory impairment characteristics of mild cognitive impairment [42] . The ET2DS population comprised older diabetic patients without dementia. Memory is often the first domain of cognition that is affected in participants with mild cognitive impairment, with otherwise relatively preserved cognitive and functional abilities [41] . Memory is not solely dependent on the hippocampus and medial temporal lobe region in the brain, but multiple cortical-subcortical circuits may be involved [42, 43] . Cerebral microvascular disease predominantly affects the subcortical associative areas and may disrupt frontal lobe executive control processes that are critical for working memory (the ability to hold and manipulate information mentally is a component of executive function), which may in turn result in episodic memory (information encoding) deficits [42] . Although a test of working memory was not significant in the present study, a relatively greater degree of variation in verbal memory scores compared with the working memory domain may have increased the sensitivity to detect an association. The FACES test, a measure of non-verbal memory, was not associated with retinal vascular calibre. However, this could be due to a lack of sensitivity in the test [44] , and it is therefore possible that our overall finding is a reflection of memory in general, rather than specific to verbal declarative memory, although this could not be ascertained from the data available. An unexpected finding of the present study was a significant interaction of retinal vessel calibre with sex, such that the negative associations were statistically significant only in men. This difference was not anticipated a priori and the reasons for the observations are not apparent. It is possible that other unknown risk factors that were not examined in this analysis, such as oestrogen use, could play a mediating role. It is also possible that measurements from one eye in women are more influenced by measurement error, and such non-differential error would have tended to dilute associations toward the null. Despite a high correlation between eyes, which would indicate that the measurement of retinal vessel calibre in one eye could be adequate for studies evaluating the systemic associations of retinal vascular calibre, there is a potential for loss of statistical power to detect such associations, because of the lower precision in vessel calibre data compared with averaged measurements in two eyes. In particular, women have poorer correlations in retinal vessel calibre measurements between eyes than men [45] . These differences may reflect greater variability of measurement in women, as a result of variations in biological and physiological factors. Alternatively, in women, given that both retinal arteriolar and venular dilatations in later life were associated with peak prior cognitive ability but not current cognitive measures, the possibility of a reverse causation cannot be ruled out. Nevertheless, the interaction between sex and retinal vessel calibre should be interpreted with caution until it has been replicated in other large studies.
The association between larger retinal arteriolar calibre and verbal memory became less significant after participants with recognised clinical stroke were excluded. However, it is uncertain whether this is due to lack of statistical power or whether stroke could play an intermediate role in the same pathway leading to cognitive dysfunction. The presence of stroke may also represent more severe microvascular disease, given that people with type 2 diabetes are particularly prone to ischaemic strokes of microvascular origin [46] . Excluding this type of stroke (which is more likely to cause greater variation in retinal vessel calibre and cognitive impairment) might have led to the observed association towards the null.
The main strengths of the study include the use of quantitative methods to measure retinal vessel calibre in high quality digital photographs, the application of a detailed cognitive test battery covering major cognitive domains, and a large population-based sample of older men and women with the full range of severity of type 2 diabetes. In addition, the residual confounding by peak prior mental ability was minimised by controlling for performance on a vocabulary test, rather than relying solely on level of education, as in many previous studies. Extensive phenotyping for potential confounding factors also enabled a comprehensive multivariate analysis. The major limitation of the study is that analyses were cross-sectional, limiting our ability to determine the temporal sequence of the association. The excluded participants, who did not have gradable retinal photographs, performed less well on several tests of cognitive function. Thus, the associations observed may have been attenuated by selective inclusion and restriction of the range of key variables. Measuring only one eye may have diminished the chances of finding significant associations, particularly if the associations are small. Because this was an exploratory study, statistical adjustment for multiple hypothesis testing was not performed and the large number of regression analyses could lead to type 1 errors.
In summary, retinal arteriolar dilatation was associated with poorer verbal memory in older men with type 2 diabetes, independent of peak prior cognitive ability. These findings, particularly the significant relationship seen in men but not women, require further replication and investigation in prospective studies. If confirmed, they could indicate a possible role of impaired cerebral arteriolar autoregulation leading to arteriolar dilatation in the pathogenesis of verbal declarative memory decrements in diabetes. Such insights into the potential mechanisms underlying cognitive decrements in people with diabetes are necessary for informing future research into preventive interventions.
